We propose and demonstrate a scheme of stable radio frequency (RF) phase dissemination for multiaccess trunk fiber link by passive frequency mixing with anti-group velocity dispersion (GVD) and anti-backscattering function. The propagation delay of the entire fiber link is detected by a round-trip probe signal. After converting the frequency of the precompensated signal to the same frequency as the backward probe signal, the phase drifts can be eliminated automatically by frequency mixing at an arbitrary receiving node. Signals with different radio frequencies at the same wavelength are employed in the forward and backward transmissions to efficiently suppress the effect of the GVD and Rayleigh backscattering at the same time. In the experiment, a 2.4-GHz RF signal is delivered through a 50.2-km single mode fiber with autophase correction. The residual phase jitter of the recovered signals is no more than 0.031 rd at two points along the trunk fiber link.
Introduction
Ultra-stable frequency dissemination plays an important role in many applications such as deep space network, comparison of optical clocks, geodesy and radio astronomy [1] - [4] . Optical fiber links have been proved to be a promising alternative to the conventional satellite links for ultra-stable frequency dissemination given the advantages of low loss, high reliability and wide bandwidth. However, compared to the satellite link, the application scope of optical fiber link has been greatly limited by its point-to-point transport protocol. To solve this problem, multi-access technique of the optical fiber link was proposed by Grosche in 2010 [5] and has been intensively studied in recent years.
Some of the proposed multi-access radio frequency (RF) dissemination schemes compensate for phase fluctuations introduced by temperature changes and mechanical vibrations by using active compensation devices, such as electrical delay lines or phase-locked loops [6] - [8] . Although the active compensation method may achieve high compensation precision, complex circuits are usually required to drive the compensation devices for phase correction in real time. Another technique can be used to eliminate phase variations by passive compensation method [9] - [14] . Without using any active compensation devices, neither phase discrimination nor dynamic tracking is involved to achieve fast response speed and infinite compensation range [14] . Using passive compensation method to achieve multi-access dissemination usually requires multiple wavelength technique (MWT) to differentiate the propagation delay for multiple users [9] , [10] or signals with same frequency but different functions [11] . However, the MWT has two drawbacks: it increases the system complexity and is limited by the temperature-induced variation of group velocity dispersion (GVD), which cannot be alleviated by dispersion compensation and will become a dominant restriction for long-haul and extensive dissemination [9] . We have recently proposed a multi-access RF dissemination scheme by passive compensation method with single wavelength to solve this problem [13] . However, since the bidirectional transmission signals have the same frequencies on the same optical carrier, undistinguished backscattering noises will be introduced into the fiber link, which will affect the performance of the dissemination system.
In this paper, we propose and demonstrate a scheme of multi-access RF dissemination based on passive compensation method with anti-GVD and anti-backscattering function. Phase-stabilized signals can be reproduced at arbitrary nodes along a trunk fiber link. Only one wavelength is served in the system to provide propagation symmetry to the bidirectional link and suppress the GVD at the same time. Different radio frequencies are employed for the forward and backward transmissions to discriminate against the Rayleigh backscattering noise and unwanted reflections often encountered on real-world links. After converting the frequency of the pre-compensated signal to the same frequency as the probe signal, a phase-stabilized signal can be obtained with auto phase correction by frequency mixing at the receiving node; the process is simple and robust. Furthermore, it can also be configured as a tree-like topology network by adding additional local modules to increase its scalability and flexibility.
Principle
The schematic of our proposed scheme is depicted in Fig. 1 . Our goal is to allow the signal generated from central station to be transmitted to the receiving nodes without phase variations. There can be multiple access nodes with a set of identical devices along the trunk fiber link. Each access node consumes a 3 dB insertion loss caused by the 50/50 optical coupler, proper bidirectional erbium-doped fiber amplifiers (BEDFAs) can be used to amplify the desired optical signals. At the central station, the standard reference signal is split into two branches. One branch is multiplied by two and then modulated on a laser diode (LD1) through a Mach-Zehnder modulator (MZM1) to serve as a probe signal, which is responsible for detecting the propagation delay of the entire fiber link. At the remote site, the detected probe signal is divided by a frequency divider (FD3) before being sent back to the central station, so that the forward and backward transmission signals can be discriminated to suppress the effect of Rayleigh backscattering. The backward wavelength is the same as the forward wavelength to ensure propagation symmetry of the bidirectional link. The returned probe signal at the central station is detected by a photo-detector (PD1) and then goes through a bandpass filter (BPF3) to obtain a cleared round-trip probe signal. After passing through FD1, the cleared round-trip signal is mixed with the standard reference signal on the other branch to generate a pre-compensated signal. Therefore, the pre-compensated signal carries the phase drifts of the round-trip link. Then the probe signal and the pre-compensated signal are jointly modulated on LD1 through MZM1 and sent to the access node. At the access node, the forward and backward propagation optical signals can be easily extracted from the trunk link by using a 2 × 2 optical coupler (50/50 ratio). The pre-compensated signal on the forward transmission is retrieved by PD3 and BPF5, and the probe signal on the backward transmission is retrieved by PD2 and BPF4. After converting the two received signals to the same frequency by a frequency multiplier (FM2), the phase drifts can be eliminated automatically by frequency mixing; where the upper mixing product is the desired stable signal. With similar principle, a phase-stabilized signal can also be recovered at the remote site.
The standard reference signal generated at the central station can be denoted as:
where ω s and ϕ s are the angular frequency and initial phase of the standard reference signal, respectively. The amplitude of the cosine function is normalized for the purpose of simplicity. The frequency-doubled signal of s 0 is sent to the remote site as a probe signal. At the remote site, the probe signal is reproduced by PD4 and BPF8. After passing through FD3, it can be written as:
where τ 1 is the fiber propagation delay from the central station to the remote site. The signal s 1 suffers from phase drift ω s τ 1 . A branch of s 1 is modulated on LD2 whose center wavelength is the same as LD1 and then sent back to the central station. At the central station, the pre-compensated signal generated by frequency mixing between the standard reference signal s 0 and the divided round-trip probe signal can be expressed as:
where τ 2 is the fiber propagation delay from the remote site to the central station. Then the precompensated signal is sent to the receiving nodes by coupling with the probe signal. At the remote site, the pre-compensated signal is filtered out by BPF7 whose center frequency is 1 2 ω s and then is up-converted by FM3. The signal after FM3 can be denoted as:
where τ 3 is the propagation delay of the pre-compensated signal from the central station to the remote site. Under slowly changed condition, given that the bidirectional transmissions have the same wavelength, an approximation can be made as τ 1 = τ 2 = τ 3 = τ. Equation (2) and (4) show that the phase delays of signals s 1 and s 3 are exactly opposite. Thus, the phase drifts can be cancelled out automatically by mixing s 1 with s 3 :
Under this analysis, s 4 is theoretically phase-stabilized at the remote site and can be equal to the standard reference signal s 0 after FD4:
At the access node, the retrieved signals after BPF5 and BPF4 can be written as:
where τ CA is the propagation delay from the central station to the access node and τ RA is the delay from the remote site to the access node. The relationship between these delays can be expressed as τ CA + τ RA = τ. Equations (7)- (8) show that the frequency-doubled signal of s 6 and the signal s 7 are complementary in phase delay. Thus, after converting the frequency of s 6 to the same frequency as s 7 by FM2, the phase drifts can be eliminated automatically by summing them together:
After passing through FD2, s 8 can be equal to the standard signal s 0 from central station:
A phase-stabilized signal can be obtained at any point along the main link of the dissemination system because the access node is arbitrarily selected. In order to increase its scalability and flexibility, the system can also extend into a tree-like topology by adding additional local modules as shown in Fig. 2 . The local module performs an optical-electronic-optical conversion, and the phase-stabilized signal recovered at the local module is re-modulated onto a carrier to be further transmitted. A larger dissemination network will be performed under this condition.
Experiment and Results
The experiment setup based on the diagram is depicted in Fig. 3 . In our experimental system, the frequency of the delivered signal (generated by Agilent E8257D) is set at 2.4 GHz, which is a worldwide free radio frequency. The delivered signal with a power of 16 dBm is split into three branches at the central station. One branch is multiplied by two and then fed into the single mode fiber (SMF) to serve as a probe signal, one branch is mixed with the returned probe signal to generate a pre-compensated signal, and another branch is used as a standard reference signal to compare with the received signals. The probe signal and pre-compensated signal are jointly modulated on LD1 through MZM1 biased at V π /2. The output optical power after MZM1 is 5 dBm. At the receiving nodes, the detected probe signal and pre-compensated signal are filtered out by the corresponding BPFs with a bandwidth of less than 200 MHz. After converting the two detected signals to the same frequency, a phase-stabilized signal can be obtained with auto phase correction by frequency mixing. The center wavelengths of the two LDs are both 1550.00 nm with an output optical power of approximately 10 dBm. The wavelength spacing between the two LDs can be less than 0.8 pm in the experiment. The fiber is the standard G.652 SMF with a total length of 50.2 km (consists of 25, 15.2 and 10 km fiber spools), and the access node is located 10 km away from the central station. A bidirectional erbium-doped fiber amplifier (BEDFA) is placed at 35 km from the central station with a gain of less than 15 dB to depress the stimulated Brillouin scattering. In addition, a tunable optical delay line (TODL) is inserted in the SMF to simulate the length variation of the fiber link. MZM1 is a dual drive Ti:LiNbO 3 modulator with a modulation speed of up to 10.7 Gb/s and MZM2 is a 10 Gb/s intensity modulator. Both of the MZMs are biased at their quadrature points for optimal linear transmission with dual-sideband modulation. It should be noted that dual-sideband modulation can suffer from signal power fading due to chromatic dispersion on the fiber link [15] . We used the dual-sideband modulation since it is the simplest way to modulate the RF signals onto the optical carrier using an external MZM. For radio-over-fiber link using an optical fiber with a length of L and a dispersion parameter of D, the power distribution as a function of radio frequency is given by
, where λ is the wavelength of the optical carrier, f RF is the radio frequency, and c is the velocity of light in vacuum [15] . The radio frequencies of the signals transmitted in the fiber are 1.2, 2.4 and 4.8 GHz and the total fiber length is 50.2 km in our experiment. According to the power distribution function, the power fading of the 1.2, 2.4 and 4.8 GHz RF signals after transmission are 0.00, 0.04 and 1.08 dB, respectively. As we can see, the signal power fading is not serious in our experiment. If the fiber length increases, the signal power fading due to chromatic dispersion may affect system performance. In order to avoid the effect of signal power fading, the 90
• phase shift method can be used to achieve single-sideband modulation [16] leaving all other aspects of our technique unchanged. The entire experimental setup is located in our laboratory for the convenience of performance characterization.
We select the access node, which is 10 km away from the central station as an example of an arbitrary node. Equation (8) shows that the closer the access node is to the central station, the greater the phase drift of the delivered signal ω s (τ 1 + τ RA ) becomes. Thus, we select a node relatively close to the central station as a typical case for a demonstration. To test the performance of our scheme, we first measured the phase drifts of the compensated and uncompensated signals, corresponding to signals s 9 and s 7 in Fig. 1 . The measurement results of the compensated and uncompensated RF signals within 10 3 s at the access node are shown in Fig. 4 (a), which were measured under the condition of free running in the lab environment by a 20 GS/s digital oscilloscope (R&S,RTO 1024). As can be seen, the calculated root-mean-square (RMS) timing jitter of the uncompensated signal is 98.6 ps (corresponding to about 1.49 rad) at the access node within 10 3 s, which was mainly caused by the temperature change and mechanical vibration in our lab. The measurement was carried out in the morning, accompanied by a steady rise in temperature. Thus, the phase jitter of the uncompensated signal is monotonically increasing. After phase compensation, the RMS timing jitter of the RF signal has been effectively reduced to 2.08 ps, corresponding to about 0.031 rad at the access node. The residual phase jitter after compensation can be attributed to the system's electronic sensitivity to thermal and mechanical stress [14] .
In order to show the phase drifts intuitively under severe fiber-length-change condition, we measured the persistent waveforms of the received signals with the same oscilloscope by adjusting the TODL randomly. Fig. 5(a) and (b) show the persistent waveforms of the uncompensated and compensated signals at the access node, respectively. As shown in Fig. 5(a) and (b) , the signal without compensation has a large phase fluctuation due to the adjustment of the TODL. Whereas the phase fluctuation of the RF signal has been effectively reduced after compensation. We further tested the stabilities of the receiving signals at the remote site for a more comprehensive demonstration. The instruments and procedures for this measurement are consistent with the access node. The measured phase drifts of the compensated and uncompensated signals are shown in Fig. 4(b) , corresponding to signals s 5 and s 1 in Fig. 1 . It can be seen that the calculated RMS timing jitter is 61.2 ps (corresponding to about 0.92 rad) before compensation within 10 3 s, whereas it is effectively reduced to 1.87 ps, corresponding to about 0.028 rad after phase correction at the remote site. Fig. 5(c) and (d) show the persistent waveforms of the uncompensated and compensated signals at the remote site, respectively. As shown, the phase fluctuation of the received signal has been efficiently suppressed after phase compensation during the adjustment of the TODL.
Through theoretical analysis and experimental verification, our scheme can achieve stable multiaccess RF dissemination with phase drift auto cancellation by frequency mixing. While it should be noted that the two LDs may drift in wavelength, thereby introducing additional timing jitter because of the fiber dispersion. This problem can be solved by using highly stable laser sources. In our experiment, the wavelength drifts of the two LDs are within 0.8 pm. Thus, the wavelength spacing between the two LDs is less than 0.8 pm. Theoretically, the variation of delay difference τ derivative with respect to the temperature T can be expressed as
, where D (λ) is the group dispersion parameter, L is the fiber length and λ is the wavelength spacing [9] . The value of D (λ) around 1550 nm is 17 ps/nm/km. For standard G.652 fiber link, chromatic dispersion thermal coefficient dD (λ) dT and expansion thermal coefficient dL dT can be considered as −1.4 fs/nm/km/
• C and 7 ppm/ • C, respectively [17] . Taking 50 km fiber length with 0.8 pm wavelength spacing for example, a delay difference of around 0.56 fs will be induced with 10
• C temperature variation. This delay difference is so small that it can be ignored in our experiment.
Conclusion
In summary, we have proposed and demonstrated a scheme of multi-access RF dissemination with auto phase correction by passive frequency mixing. Phase-stabilized signals can be obtained at arbitrary nodes along a trunk fiber link. Signals were employed with different radio frequencies at the same wavelength for the forward and backward transmissions to suppress the effect of GVD and Rayleigh backscattering. In the experiment, the RMS timing jitter of the compensated signals can be effectively reduced to 0.031 and 0.028 rad at the access node and remote site, respectively, over a 50.2 km SMF. The results show that our scheme is not only economical and practical but also effective. The system is easy to implement and expand. Some applications which need stable RF dissemination for multiple nodes may benefit from our work.
